Key Points:
Introduction
Volcanic plumes can become highly electrified as evidenced by changes in the ambient electric field beneath plumes [Nagata et al., 1946; Hatakeyama, 1947; Hatakeyama and Uchikawa, 1951; Lane and Gilbert, 1992; Miura et al., 1996] , elevated charge densities detected on ash particles [Gilbert et al., 1991; Miura et al., 1996; Harrison et al., 2010] , observations of tephra aggregates bound together by electrostatic forces [James et al., 2002 [James et al., , 2003 Telling et al., 2013] , attenuation of L-band radiation propagating through plumes , and spectacular displays of lightning [Thomas et al., 2007; McNutt and Williams, 2010; Behnke et al., 2013; Behnke and Bruning, 2015; Aizawa et al., 2016; Cimarelli et al., 2016; Behnke et al., 2018; Méndez Harper et al., 2018a] . Field observations and experimental efforts suggest that electrostatic processes in plumes (a) arise from a wide range of charging and charge-separation mechanisms operating at different locations and times within the plume [James et al., 2000; Thomas et al., 2007; McNutt and Williams, 2010; Behnke et al., 2013; Behnke and Bruning, 2015; Méndez Harper et al , 2015; Méndez Harper and Dufek , 2016] ; (b) reflect eruption kinematics [Behnke et al., 2013; Behnke and Bruning, 2015; Cimarelli et al., 2016; Méndez Harper et al., 2018a];  and (c) correlate with environmental conditions in the plume [Mather and Harrison, 2006; Arason et al., 2011; Nicora et al., 2013] .
The mechanisms invoked to explain electrostatic processes in plumes include fragmentation charging [James et al., 2000; Méndez Harper et al , 2015] , triboelectric charging [Houghton et al., 2013; Cimarelli et al., 2014; Méndez Harper and Dufek , 2016; Méndez Harper et al., 2017] , charging arising from the decay of radioactive compounds in ash [Houghton et al., 2013] , and mechanisms comparable to those thought to operate in conventional thunderclouds [Mather and Harrison, 2006; Nicora et al., 2013] . Triboelectrification-referring collectively to the electrification arising from frictional or collisional interactions between two or more surfaces-has been recognized since antiquity [Iversen and Lacks, 2012] and has been detected or inferred to exist in a number of natural granular systems in addition to volcanic plumes [Farrell et al., 2004; Fabian et al., 2001; Forward et al., 2009b; Harrison et al., 2016; Sternovsky et al., 2002; Forward et al., 2009d; Méndez Harper et al., 2017; Helling et al., 2013; Hodosán et al., 2016; Méndez Harper et al., 2018b] . Experimental studies have shown that volcanic ash readily charges triboelectrically [Hatakeyama and Uchikawa, 1951; James et al., 2000; Houghton et al., 2013; Cimarelli et al., 2014; Méndez Harper and Dufek , 2016; Méndez Harper et al., 2017] . Because pyroclast-pyroclast collisions occur within the plume throughout all stages of the eruption, triboelectrification likely contributes importantly to electrical processes in volcanic clouds.
Despite being one of the oldest manifestations of electricity known to humans, triboelectric charging involves underlying physical processes that remain inadequately understood [Lowell and Truscott, 1986; Lacks and Levandovsky, 2007; Lacks and Sankaran, 2011; Shinbrot, 2014] . For instance, experimental efforts have yet to unequivocally reveal the identities of the charge carriers being exchanged during collisions. Some investigators suggest that triboelectric charging arises from the exchange of electrons [Lowell and Rose-Innes, 1980; Lowell and Truscott, 1986; Lacks and Levandovsky, 2007; Forward et al., 2009a; Kok and Lacks, 2009] , whereas other works point to an ionic process [Gu et al., 2013; Zhang et al., 2015; Xie et al., 2016] . Others still have argued that triboelectric charging requires the transfer of material from one surface to another (see, for example, Salaneck et al. [1976] ), implying that triboelectricity is nominally a manifestation of fragmentation charging.
Another aspect of triboelectric charging that remains poorly constrained involves the role of ambient conditions under which electrification takes place, specifically the presence of volatiles and temperature. While a number of investigators have attempted to elucidate how relative humidity (RH) influences triboelectric behavior, the results of these studies sketch an inconclusive, sometimes contradictory, picture. Some studies report that charging decreases monotonically with increasing RH, citing an increase in air conductivity [Harper , 1957; Tada and Murata, 1995; Greason, 2000; Diaz and Felix-Navarro, 2004; Burgo et al., 2011; Schella et al., 2017] . Others report that low amounts of water actually enhance frictional electrification because H + and OH -tend segregate on large and small particles, respectively, producing the oft-cited size-dependent bi-polar charging [Hiratsuka and Hosotani , 2012; Gu et al., 2013; Xie et al., 2016] . In the volcanic con- James et al. [2000] ). Here, we present the results of a set of experiments designed to elucidate the response of triboelectric charging of volcanic ash to changing relative humidity and temperature conditions. Specifically, we explore the conditions relevant to maturing plumes with temperature approaching the freezing point of water and low-energy particle-particle collisions. Our results show that triboelectric charging is highly sensitive to both humidity and temperature. 
Methods
To investigate the ability of ash particles to charge through frictional and collisional interactions given a variety of temperature/relative humidity regimes, we used the ap- The interior of the tumbler was coated with particles of identical size and composition such that tribocharging arises from particle-particle collisions only. To neutralize any charge that may have been transferred to the particles during handling, the sample in the tube was sprayed with a bipolar ionizing gun for 1 minute. The apparatus was then placed within a chamber in which we could control relative humidity and temperature. We performed two sets of experiments: 1) Varying humidity at a constant temperature and 2) varying temperature at a constant humidity. The environmental conditions we explored are summarized in table 1.
We allowed the conditions in the chamber to stabilize before starting an experiment.
Once equilibrated, particles were charged by running the tumbler. Particles exchanged charge as they collided with each other and with the coated interior walls of the tube.
The tube was spun at a rotation rate of 0.5 m/s for 20 minutes. This motion produced low-energy particle-particle collisions comparable to those found outside of the gas-thrust region. Likewise, the environmental conditions of the chamber are representative of conditions in elevated plume environments rather than those in the region proximal to the vent. Upon concluding the charging period, the rotating tube was inclined downward, causing the recently charged particles to roll out under gravity. Upon leaving the tube, the particles passed through an open-ended Faraday cage connected to a charge amplifier similar to that described by Watanabe [2007] . To minimize problems associated with increased leakage currents caused by raising humidity (as reported in James et al.
[2000]),
we encased the Faraday cage in an acrylic conformal coating (see figure 1 ). The charge amplifier was maintained in a separate chamber to prevent drift in the electronics due to temperature changes.
The charge amplifier outputs voltage pulses, whose amplitudes, V o , are proportional to the charges, Q, on individual particles falling through the sensing volume:
In equation In these experiments, we employed ash from volcán Popocatépetl ("Smoking mountain" in Náhuatl, the lingua franca of pre-Colonial Mesoamérica), State of Puebla, México.
The material was washed and sieved so as to have a nominal, spherical-equivalent particle size distribution between 125-250 µm. The material was washed with prior to running experiments to reduce the effects of contaminants and small fragments adhered to the surfaces of the particles.
Results
An example of raw data collected from the output of the charge amplifier during an experiment conducted at 20 C and 30% RH is provided in figure 2 . Each pulse represents a charged particle passing through the Faraday cage. Very broad pulses or pulses with more than a single peak denote conditions in which more than one particle traversed the sensing volume at a time. We exclude such data from further analysis. In agreement with size-dependent bipolar charging (by which small particles gain negative charge with large particles acquire positive charge), most particles in our experiments acquired negative charge given that their surface areas are much smaller than the aggregate, interior area of the coated tumbler [Forward et al., 2009b; Méndez Harper et al., 2017] . On average, grains obtained net charges on the order of 10 -12 C for both sets of experiments.
A common way to quantify electrification in a granular substance is to compute the material's surface charge density or the charge normalized by the particle's surface 
Discussion
Our data can be analyzed through the Greason equation, which describes the rate of triboelectric charging in a granular material [Greason, 2000] :
where q(t) is the charge on an ash particle at time t, q s is the maximum theoretical charge that can be sustained on a particle before the surrounding gas undergoes breakdown (for air, at 1 bar, the value of q s = 2.66 × 10 -5 π D 2 coulombs is typically used), α is a constant proportional to collision rate and the efficiency of charge exchange during a collision, and β encompasses charge loss mechanisms. Integrating the Greason equation, leads to:
Above, q o is any initial charge on grains prior to the triboelectric process (for instance, charge gained through fractoelectric charging). If t → ∞ and q o = 0, equation 3 reduces to:
where q ss is the steady-state charge. Alternatively, equation 4 can be expressed in terms of charge density by dividing the right-hand side by the particle's surface area, πD 2 :
Note that if α β, σ ss → 0, while if α β, σ ss → 2.66 × 10 -5 C m -2 , the breakdown limit for air at 1 bar.
Given our current understanding of triboelectric processes, however, it is difficult to determine whether the RH-and temperature-dependent behaviors we see in our experiments result from a reduced triboelectric charging efficiency (that is, a smaller α), an increase in charge recombination processes (larger β), or both. One possibility is that humidity and temperature reduce the efficiency of charing (α) by increasing the electrical conductivity of particles. Zheng et al. [2014] indicate that humidity control the stability of charge on particles through the deposition of water films containing dissolved salts. In other words, humidity modulates the surface conductivity of ash grains. Because natural silicate grains tend to have rough surfaces, adsorbed water molecules only form disconnected films that fill pores at low relative humidities. At some critical relative humidity, however, these films connect into a network across a particle's surface, causing a precipitous increase in the surface conductivity. Previous work suggests that this transition occurs around 30-40% relative humidity. Zheng et al. [2014] propose that increased surface conductivity changes the energy barrier an electron must overcome in order to transfer from one surface to another during a particle-particle collision (this mechanisms, of course, only works if one assumes electrons are the principal species being exchanged during collisions). Those authors present a numerical model demonstrating that electron tunneling between surfaces is essentially cut off at the aforementioned critical humidity. The steep drop in charge density observed in our experiments between 20 and 30% relative humidity hints that volcanic materials may follow this trend. Humidity may also change the rate at which particles lose charge (β). While experimental data is sparse, Tada and Murata [1995] and provide evidence that humid air may promote direct charge transfer to the atmosphere. However, future work needs to be performed to elucidate the microphysical mechanisms underlying this process.
Unlike humidity, temperature may control both the surface and volumetric electrical conductivities of materials. As mentioned above, temperature changes may modify the reactivity of contaminants on particle surfaces. However, because we carefully cleaned the grains before conducting our experiments, we believe that changes in surface conductivities were minimal. Thus, the decrease in charging efficiency with temperature could indicate an increase in the bulk conductivity of the particles. Such trend has been observed in other silicate materials (especially those containing K, Ca, and Na) and has been cited as evidence for an ionic conduction pathway in glasses [Eldin and El Alaily, 1998; Sasek and Meissnerová, 1981] . In essence, increasing temperature can reduce the energy barriers that cations (positive ions) must overcome to migrate within the glass network. The temperature-dependent volumetric conductivity ρ (often expressed in units of Ω·m or Ω·cm) of oxide glasses has been described as:
where A and B are composition-dependent coefficients and T is temperature in K.
While A and B are unknown for the ash employed here, we hypothesize that the temperaturedependent conductivities of volcanic materials are qualitatively similar to those of wellstudied silicate glasses. This enhanced mobility of positive ions in volcanic ash could facilitate the recombination of electrons transfered during particle-particle collisions. Presumably, such process would change how charge is partitioned and collected during surface contacts (i.e. modulating the value of α).
Given the uncertainties involved in determining α and β, we define the dimensionless parameter γ = β/α. The variation of γ for both RH and temperature is rendered in figure 4a and 4b, respectively. We find that the variation of γ can be described by an exponential of the form:
where x is either temperature or RH and C 1 through C 3 are constants. This equation is plotted as dotted curves in figures 4a and 4b. As can be seen, γ is always larger than 1 for the conditions employed in our experiments, indicating that charge-inhibiting mechanisms dominate over processes of charge accumulation.
5 The influence of humidity and temperature on the triboelectrification of ash in volcanic plumes
In volcanic ash clouds, both humidity and temperature change throughout the eruptive column. The reduction in the efficacy of triboelectric charging with both humidity and temperature may be congruent with the character of electrical storms observed at a number of volcanoes. Thomas et al. [2007] , Behnke et al. [2013] , and Behnke and Bruning [2015] report that the electrical phenomena during the Augustine (2006) and Redoubt (2008) eruptions (as measured with lightning mapping arrays) can be divided into two phases: 1) an explosive phase and 2) a plume phase. The first mode is cotemporaneous with forcing at the vent and involves the production of continual radio frequency emissions (CRF) in the gas-thrust region. The temperature range and particle collisional energies we explored in this work are not directly applicable to the near-vent environment.
However, if the efficiency of triboelectric charging continues to decrease with temperature, the detection of strong CRF emissions at the vent may be representative of other electrification mechanisms such as fragmentation charging. The second mode of electrical activity observed at Augustine and Redoubt comprised large-scale (km-long) spark discharges in well-developed plumes. Electrification and discharge mechanisms similar to those observed in thunderstorms have been invoked to explain this form of volcanic lightning [Arason et al., 2011; Nicora et al., 2013; Hargie et al., 2018] . Between these two phases, Thomas et al. [2007] , Behnke et al. [2013] , and Behnke and Bruning [2015] note the existence of hiatuses in electrical activity (up to several minutes in length) as ashladen flows transition from forced jets to buoyantly-rising plumes. The pause in electrical phenomena likely reflects a few processes. Firstly, charge generation through fragmentation charging becomes more difficult as disruptive and abrasive particle-particle collisions become less frequent and energetic with distance from the vent. Secondly, as delineated in Méndez Harper et al. [2018a] , the rarefaction that occurs in the barrel shock of an expanding overpressured jet may lead to rapid charge loss from particle surfaces, resulting in a subsonic jet with lessened volumetric charge densities. Lastly, the experiments described here suggest that charge generation and/or retention may be compromised by the high relative humidity conditions that develop as a buoyantly-rising plume cools and entrains water from the environment. Under these high levels of relative humidity, the exchange of charge through contact electrification may be effectively inhabilitated despite the gains in charging efficiency offered by the drop in temperature with altitude [Greason, 2000; Zheng et al., 2014] . In other words, increasing humidity may have been partially responsible for the hiatuses in electrical activity observed at Augustine and Redoubt. The resumption of electrical activity in the mature plumes of the volcanoes likely indicates the freezing of magmatic and entrained water, catalyzing electrification mechanisms analogous to those found in thunderclouds. Additionally, the conversion of liquid water to ice could reinvigorate triboelectric charging as particles undergo ash-ice, ice-ice, and ash-ash collisions. Under cold temperatures aloft, our experiments indicate that such renewed frictional electrification could be more efficient than lower in the volcanic column.
Conclusions
In this work, we have described a set of experiments designed to explore the link between environmental conditions and the triboelectrification of volcanic ash on the scale of individual grains. Our work shows that the charge per unit area gained by ash particles during collisional and frictional interactions decreases with both increasing temperature and relative humidity. We found that, on average, humidity had a stronger effect than temperature on triboelectric charging. The hiatuses in electrical activity observed at a number of volcanoes (including Augustine and Redoubt) following the powerful CRF emissions that accompany explosive activity, may reflect, in part, the increasing humidity plumes as water condenses in the system. Renewed triboelectrification may occur at elevation in volcanic systems where the temperature is low and liquid water is converted to ice, helping to generated observed plume-phase electrical storms.
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